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The pairing mechanism in iron-based superconductors is believed to be unconventional, i.e. not
phonon-mediated. The achieved transition temperatures Tc in these superconductors are still signif-
icantly below those of some of the cuprates, with the exception of single layer FeSe films on SrTiO3
showing a Tc between 60 and 100 K, i.e. an order of magnitude larger than in bulk FeSe. This enor-
mous increase of Tc demonstrates the potential of interface engineering for superconductivity, yet the
underlying mechanism of Cooper pairing is not understood. Both conventional and unconventional
mechanisms have been discussed. Here we report a direct measurement of the electron-boson cou-
pling function in FeSe on SrTiO3 using inelastic electron scattering which shows that the excitation
spectrum becomes fully gapped below Tc strongly supporting a predominantly electronic pairing
mechanism. We also find evidence for strong electron-phonon coupling of low energy electrons,
which is however limited to regions near structural domain boundaries.
I. INTRODUCTION
Achieving high-Tc superconductivity through surface
and interface engineering is among the most fascinat-
ing recent developments in the field of complex materi-
als design [1–5]. FeSe is the simplest Fe-based high-Tc
superconductor showing superconductivity in bulk be-
low ≈ 8K at ambient pressure [6]. It consists of two-
dimensional Fe2Se2 layers, weakly bound by van-der-
Waals forces. Most notably, the prominent increase of
Tc to the highest transition temperatures (between 60
and 100 K) within the family of the iron-based systems
have been reached in a single Fe2Se2 layer on Nb-doped
SrTiO3 [7–12]. The success of this materials-design strat-
egy intimately relies on a clear understanding of the key
physical properties, changed through the interface. It
has been established for single-layer Fe2Se2 that the sub-
strate suppresses nematic order, changes the lattice con-
stant, modifies the electronic structure, and supplies ad-
ditional charge carriers (for a review see for example Ref.
[13, 14]).
First principles calculations of the transition tempera-
ture of bulk FeSe solely based on conventional electron-
phonon coupling predict a much lower critical temper-
ature than the observed one [15]. In addition, neutron
scattering experiments below Tc revealed a magnetic res-
onance mode within the superconducting gap [16]. The
resonance mode is a consequence of the superconduct-
ing coherence factors in the BCS-type wave function in a
state with sign changing order parameter [17–21]. Such
a change in sign of the pairing wave function reveals an
unconventional pairing state and is a strong evidence for
an electronic pairing mechanism [16–21]. In a number of
strongly coupled superconductors, the ratio of the reso-
nance mode and the superconducting gap was found to
be close to the universal value ωres ∼ 1.3∆ [22], a be-
havior owed to the strong coupling nature of this exci-
tonic bound state [23]. In many iron-based materials,
the change of sign in the gap of s±-symmetry is be-
lieved to occur between the electron and hole pockets,
and pairing be mediated by spin fluctuations near the
antiferromagnetic ordering vector of stripe type order-
ing [24]. Since stripe type magnetic fluctuations have
been observed in the low-T nematic phase [16], bulk FeSe
is likely an unconventional superconductor with similar
mechanism. However, in the single-layer FeSe samples,
the electronic structure is significantly changed from the
bulk material with hole pockets pushed down to about
80 meV below the Fermi level. Thus, the Fermi surface
consists of only the two electron bands near the zone
boundary [8, 9] (see Fig. 1a). This remarkable observa-
tion challenges the above consideration of the gap sym-
metry for the monolayer system, as the hole pockets well
below the Fermi energy do not evolve a gap. The obser-
vation of shadow bands in angle-resolved photoemission
spectroscopy (ARPES) data has been considered as an
indication of a conventional pairing by vertically polar-
ized optical phonons near the zone center localized at the
TiO2 interface layer [11, 25–30].
The interesting observation of the gap-variation with
oxygen isotope substitution on the one hand [32] and
estimations for comparatively small electron-substrate-
phonon coupling constants on the other [33] reveal the
complexity of this open problem. Recently an alterna-
tive interpretation of shadow bands due to strong cou-
pling between surface, Fuchs-Kliewer, vibrations and the
escaping photoelectron has been proposed [34].
In order to disentangle the impact of electronic and
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Figure 1: (a) Sketch of the band structure of a single layer
FeSe on SrTiO3 with two electron bands around the zone cor-
ner and three hole bands in the zone center located 80 meV
below the Fermi energy. (b) Sketch of the magnetic exci-
tation spectrum Imχ(ω) above (blue dotted curve) and be-
low (solid red curve) the transition temperature Tc [31]. (c)
Symmetrized experimental dI/dU spectra in the supercon-
ducting/normal state (black/blue) recorded at 0.9/62 K. The
positions ∆, 2.3∆, 3∆ are shown by gray dashed lines. The
spectra are normalized to the same differential conductance
at 50 meV. (d) Theoretical differential conductivity between
a normal conducting tip and a spin-fluctuation driven super-
conducting sample above (dashed blue curve) and below (solid
blue curve) Tc. ωres is the energy of the resonance mode.
phononic modes for the mechanism of superconductivity,
a natural strategy is to compare their excitation spec-
trum, weighted by appropriate interaction matrix ele-
ments, above and below Tc. While both are affected
by superconductivity, electronic collective modes undergo
much more dramatic changes. A superconducting gap
∆ = ∆kF in the electronic spectrum gives rise to a gap
|∆kF |+ |∆kF+q| ≈ 2∆ of an electronic mode of momen-
tum q. While broad and overdamped above Tc, sharp ex-
citonic states inside the gap are again a clear signature for
electronic interactions (see Fig. 1b). If the characteristic
bosonic momentum is finite and in the spin sector, such
sharp structures are strong evidence that the sign of ∆kF
and ∆kF+q are distinct. As discussed, these so called res-
onance modes typically arise in the spectrum of collective
electronic excitations at ωres ≈ 1.3∆, as discussed above.
Thus, in order to uncover the role of electronic pairing
interactions one has to gain information about the collec-
tive mode spectrum of single layer materials above and
below Tc. We here used two inelastic electron scatter-
ing techniques to experimentally determine the coupling
between electrons and bosonic excitations. On the one
hand, we employed spatially resolved inelastic tunneling
spectroscopy (ITS) between the tip of a scanning tun-
neling microscope (STM) and the sample at high energy
resolution. On the other hand, we investigated inelastic
scattering in momentum space with high resolution elec-
tron energy loss spectroscopy (HREELS). Results from
the two complementary techniques obtained on the same
sample are combined in order to disentangle the role of
electronic and phononic excitations in Cooper pairing.
II. INELASTIC TUNNELING SPECTROSCOPY
In STM, the electron current I tunneling between
an atomically sharp tip and the sample is recorded.
As has been shown recently in the context of conven-
tional [35, 36] and unconventional [31] superconductors,
the tunneling conductance between a normal conduct-
ing tip and a superconducting material consists besides
the well-known elastic contributions σel of significant in-
elastic contributions σinel: dI/dU = σtot = σel + σinel.
Due to the spatial confinement of the electrons in the
tip apex, the wave vector of the tunneling electrons is
widely spread. As a consequence, the elastic contribution
to the tunneling conductance is proportional to the elec-
tronic density of states (DOS) of the sample, as has been
shown by Tersoff and Hamann [37]. Similarly, the inelas-
tic contribution to the tunneling conductance is given by
the integral of the scattering probability of electrons from
bosons over both momentum- and energy-space up to the
maximally allowed energy loss, i.e. the bias voltage of the
junction. In the normal conducting state of a supercon-
ductor, the DOS of the electrons is nearly constant on
the energy scale of the bosonic excitations. Thus, the
elastic contributions vanish in the second derivative of
the tunneling current d2I/dU2 in the normal state and
only inelastic contributions enter. In this case, the op-
tical theorem links the inelastic scattering processes of
a specific energy loss by inelastic creation of bosons to
the imaginary part of the forward scattering amplitude
for electron-electron scattering mediated by virtual bo-
son exchange. Thus the measured second derivative of
the tunneling current is given by [31]:
d2I/dU2 ∝ Imχ(ω)g(ω)2, (1)
where χ(ω) is the response function or excitation spec-
trum and g(ω) is the electron-boson coupling matrix ele-
ment. The latter term reflects the fact that ITS only de-
3tects bosonic excitations that actually couple to the elec-
tron liquid at the relevant energy scale. For conventional
superconductors, d2I/dU2 is then proportional to the so
called Eliashberg function α(ω)2F (ω), as has been shown
e.g. for Pb films [35]. In this conventional superconduc-
tor, α(ω) is the electron-phonon coupling constant and
F (ω) is the imaginary part of the lattice response func-
tion, i.e. the density of states of the phonons. In case
the bosonic spectrum is predominantly due to electronic
excitations, d2I/dU2 of the normal state corresponds to
the overdamped, collective modes, which quickly decay
into particle-hole excitations near the Fermi energy (Fig.
1b). As there is no electronic gap in the normal state,
inelastic contributions to dI/dU appear at an onset bias
voltage that equals the energy of the bosonic excitations
(phonons or electronic excitations). Note, that at finite
temperatures, also dI/dU at zero bias contains an in-
elastic contribution due to thermally excited tunneling
processes. Both, the phonon spectrum and the spectrum
of potential spin excitations in the normal state are not
gapped and the expected dI/dU signal displays a V- or
U-shape [38]. Therefore, only from ITS experiments in
the normal state, phononic or spin excitations cannot be
distinguished.
The situation fundamentally changes in the supercon-
ducting state. First of all, the electronic spectrum de-
velops a gap ±∆ around the Fermi energy and at least a
bias voltage of ±e∆ needs to be applied to add or remove
a single electron from the superconductor by tunneling.
Inelastic contributions caused by electron-phonon cou-
pling thus lead to signals on top of the BCS DOS at volt-
ages corresponding to the phonon energy ~ωph shifted
by the gap ∆ [36, 39]. If, however, the bosonic exci-
tations are of electronic nature, additionally the gap in
the electronic excitation spectrum needs to be overcome.
Thus the generic expectation is that inelastic excitations
of electronic nature appear at voltages beyond ±3∆ or
for a sign-changing gap function at slightly lower ener-
gies ∆ + ωres ≈ 2.3∆ due to the resonance mode. This
way, phonon- and electronic excitation mediated super-
conductivity can be distinguished, experimentally.
In Fig. 1c we show experimental dI/dU spectra for
single layer FeSe on STO in comparison to the theoret-
ical model of spin fluctuation driven superconductivity
[31], shown in Fig. 1d. In this system, the electronic
DOS is not a constant but increases with energy, i.e.
the tunneling spectra are tilted. In order to remove this
band-structure effect, we take the standard approach and
symmetrize all spectra. This suppresses the energy de-
pendence of the DOS to first order. The differential con-
ductance in the normal state, i.e. above the transition
temperature which in our case is about 55 K, is shown
in blue. The parabolic increase caused by the inelas-
tic contributions is a characteristic feature of the normal
state [31, 38]. The superconducting spectrum (black)
shows besides the coherence peaks at ∆ ≈ ±10 meV a
reduced differential conductance below that of the nor-
mal state in the energy range above the coherence peaks
up to ≈ 2.3∆. Assuming purely elastic tunneling in the
BCS approach, the DOS in the superconducting state
should always be higher than that of the normal state
at energies above the quasi particle peaks at ±∆. In-
stead, this reduction in differential conductance demon-
strates the presence of inelastic contributions and the
formation of a gap in the bosonic excitation spectrum
below Tc. At ≈ 2.3∆ dI/dU increases abruptly, stays
flat and rises again at ≈ 3∆ to approach the value of
the normal state. Thus, the behavior is fully in agree-
ment with a spin-fluctuation mediated superconductiv-
ity with a gapped bosonic excitation spectrum below the
resonance mode at ωres ≈ 1.3∆ [31]. Thus, our results
strongly support a fully developed superconducting gap,
an electronic pairing mechanism with a gap in the exci-
tation spectrum in the superconducting state, and a sign
changing order parameter leading to a resonance in the
bosonic spectrum at ≈ 1.3∆. In contrast, the forma-
tion of a gap in the inelastic part of the the conductance
clearly speaks against phonon mediated superconductiv-
ity, as the phonons would not develop a gap but would
instead show a softening.
Now, let us take a step further and obtain from the
observed tunneling spectrum the weighted bosonic spec-
trum B(ω) = g(ω)2Imχ(ω). In distinction to the Eliash-
berg function α(ω)2F (ω) for phonon-mediated supercon-
ductivity, Imχ (ω) for electronic pairing is heavily renor-
malized when entering the superconducting state. In
order to obtain g(ω)2Imχ(ω), we take the symmetrized
spectrum in the superconducting state with its charac-
teristic features and estimate the elastic conductance by
an anisotropic gap fit in the energy range where inelastic
tunneling is forbidden, i.e for |eU | < ∆ + ωres ≈ 2.3∆.
On the assumption of the existence of two elliptical elec-
tron pockets at the corner near the M¯ -point that are
related by rotation symmetry, we fit the gap by a model
function ∆(ϕ) = ∆0 + a · cos(2ϕ) + b · cos(4ϕ) result-
ing in an average gap of ∆0 = 10.0 ± 0.3 meV, with
anisotropies a = 2.4 ± 1.1 meV and b = 0 ± 2.2 meV
in good agreement with ARPES results of Ref. [40]. As
shown in Fig. 2a, the fit (dashed green curve) nicely re-
produces the gap and the coherence peaks, i.e. it is in
agreement with elastic tunneling. In a next step, the ex-
perimental inelastic conductance can be estimated from
σexpinel(eU) = σ
exp
tot (eU)− σel, as indicated in red.
In order to extract B(ω) from σinel, we start with
a trial function inserted into the expression for the in-
elastic tunneling current given in Ref. [31] for the in-
elastic contribution to the conductance and generate an
improved expression for B(ω) taking into account also
the anisotropy of ∆(k), where k denotes the wavevector.
We use the improved expression to repeat this proce-
dure until convergence is reached. For details see the
supplementary material. The initial guess trial func-
tion is a smooth function and reflects the overdamped
spin fluctuations of the normal state (black dotted curve
in Fig. 2b). It is chosen to be similar to the mea-
sured inelastic d2I/dU2 spectrum in the normal state
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Figure 2: (a) Symmetrized tunneling spectrum in the super-
conducting state recorded at 0.8 K (black curve) together with
a fit of the elastic contribution σel due to the anisotropic gap
function (blue area). The red area indicates the inelastic
contributions to the conductance. (b) Initial trial function
(black dotted curve), experimental inelastic d2I/dU2 spec-
trum in the normal state recorded at 62 K (green) and recon-
structed B(ω)-spectrum in the superconducting state (pur-
ple). The gray error bars indicate the uncertainty due to
the gap anisotropy. The inset illustrates that the measured
d2I/dU2 in the normal state deviates from the thermally
broadened B(ω)-spectrum (red).
(green curve in Fig. 2b), measured above Tc (60 K) using
d2I/dU2 ∝ dσinel/d(U) ∝ g(ω)2Imχ(ω), valid above Tc.
The result determined in this way is proportional to
g(ω)2Imχ(ω) in the superconducting state (purple spec-
trum in Fig. 2c) and clearly shows a gap followed by a
peak slightly above 1.3∆. Here, ∆ is not a sharp value
due to its anisotropy in k-space and the uncertainty of
the fitting. Within the standard deviation ∆(k) is in
the range between 6.2 and 13.8 meV. At higher ener-
gies, a continuous excitation spectrum is seen. All this
is in agreement with unconventional superconductivity
mediated by spin-fluctuations and a sign changing order
parameter and the changes of the spin-fluctuation spec-
trum between the normal (black dotted curve) and the
superconducting state (purple curve) agrees well with the
expected renormalization [31]. Note that the indicated
error bars shown in gray reflect the uncertainty of the
fit of the anisotropic gap function. In order to check for
consistency, i.e. that the spectrum acquires the gap be-
low Tc, we thermally smeared the low-temperature spin-
fluctuation spectrum by the respective Fermi-functions of
the electrodes (red curve in inset). The thermal smearing
at that temperature is not enough to completely wash-
out the overall shape. Most importantly, it clearly de-
viates from the spectrum measured at that temperature
(green curve in inset of Fig. 2b). Thus, the bosonic spec-
trum shows a gap in the superconducting state but not in
the normal state, in agreement with an electronic pairing
mechanism in our samples.
As shown in the supplementary material [41], we ob-
served variations in ∆ from sample to sample or within
different areas of the sample. This is also well docu-
mented by the many different experimental dI/dU spec-
tra obtained on FeSe/STO with STM in the litera-
ture [7, 14, 42]. The observed features in the extracted
Imχ (ω) are present in all tunneling spectra and show a
gap that roughly scales with ∆ in agreement with the
spin-fermion model.
Similarly, ITS may be used to resolve electron-phonon
coupling in the energy range of the STO interfacial
phonons. Interestingly, the ITS data recorded on the
FeSe layer are not homogeneous. Fig. 3 summarizes these
findings. The lower panel of Fig. 3a shows an atomi-
cally resolved topography of the FeSe film near a trans-
lational domain boundary (white). The domain walls
are not straight but meander (see bottom STM topog-
raphy and the literature [42, 43]). Across the domain
boundary, the lattice is shifted by half a unit cell, i.e.
upper and lower Se atoms are exchanged at the surface
as illustrated in the middle panel of Fig. 3a. Figure 3b
shows three different d2I/dU2 spectra which were aver-
aged over the corresponding marked areas of the inset
(top view of upper panel of a). An antisymmetric dip-
peak pair is clearly visible around ±60 meV for the red
spectrum, i.e. at the domain boundary. This energy
coincides with the energy of the lower optical phonon
mode at the the interface [32, 44, 45] shifted by ∆. This
mode is nearly absent in the areas next to the boundary
(blue/green). Furthermore, a significant inelastic exci-
tation around ±90 meV is missing corresponding to the
higher energy optical phonon of the interface [32, 44, 45].
This demonstrates that in our samples, the coupling
between the low energy electrons and the 50 meV-phonon
is restricted to the domain boundary area, i.e. is local-
ized, and significant coupling to the 90 meV-phonon is
observed neither on the domain walls nor within the do-
mains. Most interestingly, the size of the superconduct-
ing gap does not change significantly when going through
the domain boundary. This is illustrated in Fig. 3d with
dI/dV spectra of the gap region where the size of the gap
does not vary in agreement with previous studies [43].
The fact that electron interaction with the 50 meV-
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Figure 3: (a) STM topography of a dislocation recorded at
U=50 mV and T= 0.8 K. The lower panel shows a magni-
fied image near the boundary of structural domains, shown
in the upper panel. The left and right domains are of dif-
ferent stacking of the FeSe-layer as sketched in the atomic
model in the middle panel. This leads to an 1/2 unit cell off-
set along the Fe-Fe direction. (b) The inset shows the same
area as the top panel of a) in which the boundary is marked
with yellow circles around the detected upper Se atoms. The
blue/red/green dashed rectangles mark the areas over which
the d2I/dU2 spectra in (b and c) were averaged. Averaged
d2I/dU2 spectra (I=2.5 nA, Um=4 mV) are shown in solid
lines with colors conform to the ones of the inset. (c) Sym-
metrized dI/dU spectra averaged over the same areas and
recorded at the same time as the data in (b).
phonon is only observed at the boundary, while the su-
perconducting gap size does not change clearly shows
that the interfacial electron-phonon coupling of this mode
does not boost Tc in our sample. Besides this, ITS mea-
surements showed no indication of strong coupling of low-
energy electrons to the 90 meV substrate phonons either.
III. HIGH-RESOLUTION ELECTRON
ENERGY-LOSS SPECTROSCOPY
HREELS is a powerful technique for the investigation
of the surface phonons under UHV conditions. It allows
probing both the excitation energy and the linewidth of
all the vibrational modes over the whole surface Brillouin
zone. The monochromatized low-energy electron beam
transfers well-defined energy quanta to the the phonon
modes of the system while it scatters from the surface.
This leads to an energy-loss of the electrons after the
scattering event. Since the electrons interact with the
charge density distribution at the sample surface (and
not only with the electron density distribution), the scat-
tering cross section at T = 0 is directly proportional to
the dielectric loss function, Im{1/(ω,q)}. This quan-
tity is, in turn, proportional to the imaginary part of the
frequency and momentum dependent charge density re-
sponse function at the surface Imχ(ω,q) [46]. In practice
the measured HREELS spectra are dominated by the so-
called (quasi-)elastic peak at zero energy-loss. However,
the inelastic part of the spectra contains all the necessary
information regarding the collective excitations.
The sample was transferred via a UHV vacuum suit-
case from the STM to the HREELS set-up. A spin-
polarized electron beam was used as the primary beam
for this experiment. As phonons are spin-independent
excitations, we only analyze the spin-integrated signal.
The measurements were performed at different values
of energy resolution (half-width at half maximum of
HWHM=2.5–5.5 meV). The spectra were recorded at dif-
ferent temperatures above and below Tc. The incident
electron energy was between 4.2 and 7.25 eV and the
degree of spin polarization of incident electrons was (72
± 5)%. The wave vector q of excitations is determined
by the scattering geometry: q = ki sin θ − kf sin(θ0 − θ),
where ki (kf ) is the magnitude of the wave vector of
the incident (scattered) electrons, and θ (θ0) is the angle
between the incident beam and sample normal (the scat-
tered beam). The momentum resolution of the spectrom-
eter is is about 0.03 A˚−1 in our experiment [47]. Different
wave vectors were achieved by changing the scattering
angles.
In order to shed light on the importance of the so-
called Fuchs-Kliewer (FK) phonon modes of the STO
in superconductivity [11, 25–30, 32, 44, 45] we per-
formed HREELS experiments on the same sample as the
STM experiments. A summery of our HREELS spec-
tra recorded at T = 135K and at different wave vectors
is provided in Fig. 4a. The inelastic part of the spec-
tra is dominated by the presence of the interfacial FK
modes, located at the energies of 57 meV and 91 meV,
near the zone center (Γ–point). The results are in agree-
ment with earlier HREELS data reported on the same
system [32, 44, 45]. These two modes show a weak dis-
persion while increasing the wave vector from Γ towards
the zone boundary X-point. The almost flat dispersion
relation of these two modes indicate that these phonon
modes are of optical nature.
The more interesting phonon mode is the one observed
at the energy of about 91 meV, as it has been suggested
to be responsible for the replica band observed in the
ARPES experiments and for boosting Tc [11, 25, 27–
30, 48]. The electron-phonon coupling shall in principle
manifest itself in the linewidth of the phonon mode that
it coupled to the electrons. However the analysis of the
phonon linewith as indicated in Fig. 4b revealed no sig-
nificant momentum dependence. The spectra shown in
Fig. 4a are fitted using a convolution of a Gaussian and
a Lorentzian function representing the instrumental and
lifetime broadening of the phonon. The total and intrin-
sic linewidth as a function of wave vector is shown in
Fig. 4b. The intrinsic linewidth (HWHM) is about 5.5
meV at the Γ–point and remains nearly constant over a
large fraction of the Brillouin zone up to q = 0.6 A˚−1.
Then it gradually increases to about 8.8 ± 0.5 meV at
the X point. The nearly q-independent intrinsic linewidth
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Figure 4: (a) Dispersion relation of the interfacial phonons of the FeSe monolayer on STO recorded at T =135 K. The color bar
indicates the intensity of the EELS spectra. All the spectra are normalized to the quasi-elastic peak. The two phonon branches
are indicated by the orange and green circles. Dotted lines indicate the full width at half maximum of the phonon peaks, which
includes both the intrinsic linewidth as well as the experimental broadening. (b) Details of the linewidth of the higher energy
phonon mode versus wave vector. The full width at half maximum corresponds to the shaded area within the dotted lines and
the intrinsic linewidth is represented within the area of the solid black lines. (c) Momentum resolved HREELS spectra near
the Γ¯-point. The spectra are recorded at T = 13 K and with a HWHM of about 2.8 meV.
excludes particularly strong electron-boson coupling near
the zone center (Γ–point). Most of the density functional
based calculations have shown that the strength of the
electron-phonon coupling should in principle be the high-
est at the Γ¯–point (see for example Refs. [49, 50]). This
means that for investigation of such an effect one requires
to recorded the momentum resolved spectra in the su-
perconducting phase in the vicinity of the Γ¯–point. Such
spectra are presented in Fig. 4c. The data were recorded
at a sample temperature of about 13 K, i.e. significantly
below Tc. The HWHM of the elastic peak for these mea-
surements was about 2.8 meV. The intrinsic linewidth
broadening of the 91 meV phonon mode is about 5 meV
at 13 K. As it is apparent from the spectra, one does not
observe any obvious change of this value while decreas-
ing the momentum from 0.4 A˚−1 towards the Γ¯–point.
These data thus exclude any particular strong coupling
of this phonon mode to the electronic states of the FeSe
film in the superconducting state. Moreover, the intrin-
sic linewidth of this mode is about an order of magni-
tude smaller than the energy of the mode, inducing only
a rather weak electron-electron attraction.
We note that in addition to the FK phonon modes
localized at the FeSe/STO interface we also observe the
A1g, B1g and A2u phonon modes of the FeSe film. They
appear at nearly the same energies as those observed on
the FeSe(001) surface of the bulk crystal [51]. Discussion
of those phonon modes is out of the scope of the present
manuscript. Here the key observation is, that there is
no considerable momentum dependence of the linewidth
of the FK phonon modes below 0.6 A˚−1, in distinction to
the expectation of forward scattering dominated coupling
to the substrate phonons.
This observation is in contrast to the discussed mech-
anism of the occurrence of replica bands requiring an al-
most exclusive electron-phonon coupling at the Γ¯–point
[11]. We suggest instead that the appearance of the
replica bands in ARPES data is most likely due to the in-
teraction of the photoexcited electrons with the dynamic
electric field of the FK phonons of STO above the sur-
face. The dynamic electric field caused by the FK phonon
modes generates a rather long rage electrostatic potential
which then extends in vacuum above the surface. It is
rather straightforward to imagine that the photoexcited
electron feels this potential when it leaves to the vacuum
and can therefore lose energy without significant momen-
tum transfer along the sample surface. This scenario is
in accord also with the fact that the shadow bands only
appear for the occupied parts of the unshifted electronic
bands. Photoexcited electrons in ARPES experiments
thus may be prone to this interaction with the STO FK
phonons above the surface after the emission process.
This would be in analogy to the underlying mechanism
which leads to the probing of FK phonon modes in the
HREELS experiments, in particular in specular geometry
(at the Γ¯–point). In this respect, our data and explana-
tion are fully consistent with the proposal put forward
in Ref. [34]. Our results suggest coupling to the 90 meV
phonon only to appear with free electrons in HREELS
and ARPES experiments, i.e. electrons that are of higher
energy and leave the interface to the vacuum but not low-
energy electrons.
7IV. CONCLUSION
In conclusion, HREELS experiments indicate a cou-
pling of electrons to the FK phonons mainly for free
electrons in front of the surface while STM reveals no
significant coupling to the FK phonons with low energy
electrons, except for structural domain boundaries. In
these, however, Tc is not boosted by the phonons. In-
stead, STM experiments reveal that the electron-boson
coupling spectrum becomes gapped below Tc and a res-
onance mode appears, which speaks for an all electronic
pairing mechanism with sign changing order parameter.
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Supplemental Material
1. TOPOGRAPHY
A typical topography for an in-situ grown sample is
shown in Fig. S1. The FeSe-coverage was in this case a
bit less than one monolayer. Within the holes of the film,
the bare STO becomes visible. For the ex-situ samples,
a slight degradation of the film quality could be observed
with some persistent impurities arising on the surfaces
in agreement with literature [1,2]. Nevertheless, for the
clean areas, we observed the same spectroscopic features
as for the in-situ sample.
2. EELS GEOMETRY
For the electron energy loss spectroscopy measure-
ments schematic representation of the scattering geome-
try is given in Fig. S2.
0.00 
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Figure S 1: STM Topography. Left panel: Overview scan
shows STO terraces covered by an almost complete single
layer of FeSe (I=180 pA, U=1 V). A detailed, atomically re-
solved topography is presented via the inset in the right panel.
There, the atoms correspond to the upper Se layer of Se-Fe-Se
trilayer.
STO substrate
θ
θ0
(Ei, ki)
(Ef, kf)
FeSe film [100]
[010]
Figure S 2: Schematic representation of the scatter-
ing geometry in the EELS experiments. Ei (Ef ) is the
energy of the incident (scattered) beam, ki (kf ) is the mo-
mentum of the incident (scattered) beam, θ is the incident
angle, and θ0= 80
◦ is the angle between the incident beam
and the scattered beam. The scattering plane was along the
[010]-direction. The phonon wave vector was along the Γ–X
direction of the surface Brillouin zone.
3. ELECTRONIC STRUCTURE
FeSe layers were electronically not completely homo-
geneous. The appearance of the superconducting gap
varied spatially. Also the superconducting gap size var-
ied slightly among the samples. Nevertheless, the ob-
served features in the extracted Imχ (ω) are present in
all tunneling spectra and show a gap that roughly scales
with ∆ in agreement with the spin-fermion model. In
Figs. S3a-c, symmetrized dI/dU spectra of three other
samples and surface positions compared to the spectra
shown in the main text are shown. Different gap sizes
9are clearly visible. The blue/red shaded areas illustrate
the elastic/inelastic contributions and the black curve is
the total differential conductance. Figs. S3d-f represents
the corresponding deconvoluted B(ω) spectra. A pro-
nounced peak around ωres = 1.3∆ is clearly visible in all
spectra. Note that as already explained in the main text,
∆ is not a sharp value. It is anisotropic in k-space and
the performed gap fitting obeys a certain uncertainty.
Within the standard deviation ∆(k) is in the range of
3.64/7.09/9.38 and 15.82/9.61/20.02 meV for the curve
in Figs. S3a/b/c. For higher energies the B(ω) spectra
in Figs. S3d-f approach a continous background. The
insets in Figs. S3d-f show Bcalc convoluted with the ther-
mal broadening at 60 K (red). The difference between the
measured d2I/dU2 spectra in the normal state (green) at
T = 62 K and the trial function is visible.
Note that experimentally it is not feasible to record
pairs of spectra (in the superconducting and the normal
state) with exactly the same tip-sample distance. In or-
der to compare the pairs of spectra, they have been nor-
malized to the same differential conductance at 50 mV.
This assumes that the electronic DOS in both states is
identical for energies far above the gap (elastic tunneling)
and identical cross sections for excitations of high energy
bosons by hot electrons (inelastic tunneling), but neglects
thermal assisted inelastic tunneling contributions. Thus,
the normalized spectrum in the normal state is only a
lower bound to the differential conductance recorded for
same tip-sample distance.
4. THEORETICAL METHODS FOR
DECONVOLUTION OF THE INTEGRATED
BOSONIC TUNNELING SPECTRUM
Next we summarize the main steps for the deconvo-
lution of the tunneling spectra that leads to the boson
spectrum ∝ Imχ (ω). As shown in Ref. [3] the inelastic
contribution σinel (V ) to the conductivity for T  ∆ is
given as
σinel (V ) = A
∫ 0
−∞
dρsc () Imχ (+ eV ) , (2)
with constant A = g2σ0/
(
D2ρF
)
. σ0 is the normal state
conductance of the tip to the substrate. ρF is the normal
density of state and D a characteristic bandwidth of the
system. ρsc () is the density of states of the supercon-
ducting state. In our analysis we used the finite temper-
ature version of σinel (V ) given in Eq.(2) of Ref. [3].
We determine ρsc () from a BCS-fit with angular de-
pendent gap, see main text. ρsc () also determines the
elastic contribution and allows us to subtract the lat-
ter from the total, experimentally determined inelastic
conductance σexpinel (V ). Starting from an initial trial for
Imχ (ω), where we use a structureless overdamped spec-
trum realistic to the normal state, we obtain σinel (V ).
The difference ∆σinel = σ
exp
inel (V ) − σinel (V ) can now be
used to yield a corrected bosonic spectrum
∆Imχ (ω) =
∫
dω
δImχ (ω)
δσinel (ω)
∆σinel (ω) (3)
until convergence is reached. The variational derivative
is given as
δImχ (ω)
δσinel (ω)
= A
∫
dρsc ()L (, ω) (4)
with
L (, ω) = n′F (− ω − eV )nB (ω) (1− nF ())
+ nF () (1 + nB (ω))n
′
F (− ω + eV )
+ n′F (+ ω + eV ) (1 + nB (ω)) (1− nF ())
+ nF ()nB (ω)n
′
F (+ ω + eV ) .
Here nF is the Fermi-Dirac and nB the Bose-Einstein
distribution.
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Figure S 3: Spectra for different samples and sample-positions. (a),(b),(c): Various measured dI/dU spectra for different
samples and sample-positions. Measurement temperatures for curve(a)/(b)/(c) were T = 0.8/5.2/0.8 K for the superconductig
state. Black solid lines represent the measured and symmetrized dI/dU spectra, the gap fits (∆(ϕ) = ∆0+a·cos(2ϕ)+b·cos(4ϕ))
are shown in green ((a): ∆0 = 9.73 meV ± 0.48 meV, a = 1.95 meV ± 1.26 meV, b = 2.64 meV ± 1.42 meV, (b): ∆0 =
8.35 meV±1.26 meV, a = 0 meV±1.85 meV, b = 0 meV±3.75 meV, (c): ∆0 = 14.7 meV±1.05 meV, a = 1.70 meV±2.58 meV,
b = 0 meV± 4.23 meV). The extracted B(ω)-spectra are shown in (d), (e), (f) (purple) together with the starting trial function
for the deconvolution algorithm (black dotted line) and the measured d2I/dU2 spectra in the normal state (green) at T = 62 K.
The error bars for the purple curve reflect the uncertainty of the fit of the anisotropic gap function. The calculated temperature
broadened B(ω) spectrum (red) is shown in the insets of (d),(e),(f) and is compared to the measured d2I/dU2 spectra in the
normal state (green) T = 62 K and the trial function (black dashed).
